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Introduction
Glass is very extensively used in modern architecture, both as
a means to bring daylight into buildings, and for aesthetic
reasons. Many commercial buildings are completely clad in
glass, while even domestic residences have significant areas
of window. Unfortunately, normal plate glass is not only a
window for visible light but also for the invisible infrared (IR)
rays of sunlight. This is generally unwelcome in summer since
it contributes significantly to heat load in the interior of the
building [1]. The relationship of the solar spectrum to the
wavelengths perceived by the human eye is shown in Figure
1. An ideal window would transmit most of the visible
wavelengths and block all others.
There are various solutions available to attenuate the
transfer of solar heat into a building through windows. These
vary from the use at time of construction of glass coated with
pyrolytic low-e films, to the subsequent retrofitting of
windows with cheap tinting films or even sophisticated multi-
layer polymer-backed films produced by vacuum sputtering
[2]. Continuous nanoscale films of gold or silver are another
of the available ‘solar glazing’ coating options. Use of gold
gives pleasant neutral blue tone to the glass (as seen from
inside the building) which seems acceptable to the public.
Continuous coatings of gold or silver attenuate IR very
effectively, primarily by reflecting it. Unfortunately, such
coatings have been hitherto applied by vacuum coating
techniques which require expensive capital equipment.
Amortization of the costs of purchasing and running such
equipment has a dominant effect in the financial equation,
with the value of the gold used being only a secondary
consideration. Also, there is rising opposition to the use of
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Abstract
The unique optical properties of gold nanorods,
which exhibit tuneable absorption as a function of
their aspect ratio, suggest that they might have
potential applications in coatings for solar control on
windows. Here we explore the properties of coatings
produced by attaching gold nanorods to the surface
of glass. Such coatings can attenuate solar radiation
effectively, even at very low gold contents, but the
figure-of-merit, Tvis/Tsol, of our experimental coatings
was close to unity, indicating that they are not
spectrally selective, However, calculations are
presented to show how coatings comprised of a blend
of rods with aspect ratios of greater than 3 can
produce coatings with Tvis/Tsol of up to at least 1.4. 
The maximum value possible for perfectly spectrally-
selective coating in sunlight is 2.08. Unfortunately, 
the practical realization of such coatings requires 
the further development of reliable methods 
to scale up the production of gold nanorods of 
longer aspect ratios.  
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Figure 1
Intensity of solar radiation at various wavelengths, as received on Earth,
and the photo-optic response of the human eye
We have previously reported a wet chemical process to
deposit nanoscale coatings of gold hemispheres on glass [3],
and this seems to have some potential to offer a viable
process for the production of tinted glass coatings [4]. The
optical properties of our coatings were controlled by the
nucleation, growth and coalescence of the gold nano-
hemispheres into continuous films [5]. Coatings comprised of
well-dispersed gold nanoparticles had only a single surface
plasmon absorption peak at about 520 nm, which is in the
middle of the visible spectrum and of little use for solar
screening. However, when the nanoparticles were relatively
close together or even aggregated, they underwent a dipole-
dipole interaction with one another which both shifts and
broadens the absorption peak to the upper visible and near-
IR [6]. Unfortunately, the spectral selectivity between the
visible and IR region of these experimental coatings was still
inferior when compared to existing solar screening
technologies. However, the extensive research recently on
gold nanoparticles of more exotic shapes, e.g. nanorods [7],
nanoshells [8] and ‘caps’ [9], has inspired us to consider
whether these less-symmetrical gold nanoparticles might
have applications in solar glazing. Unlike solid nanospheres or
hemispheres, these shapes exhibit additional plasmon
resonances that depend sensitively on their aspect ratios.
Nanorods, for example, not only have a ‘transverse’ [10]
surface plasmon peak at about 520 nm but also manifest
another, ‘longitudinal’, peak at longer wavelengths. The
position of this second peak can be shifted from the mid-
visible (550 nm) into the infrared (1200 nm) area by increase
of the aspect ratio [11], with further adjustment possible by
controlling the precise details of shape and symmetry of the
rod [12]. In the case of rods it is this second peak that
provides the possibility of improved spectral selectivity
between the visible and IR regions. 
The basic recipe for making rods is now comparatively well
understood [7, 13], although there have been no attempts
yet, as far as we are aware, to work out how to scale
production up to commercially meaningful quantities. In the
case of windows the next step after producing the rods is to
fix them to the surface of the glass. Attachment of rods to
substrates such as mica or glass has already attracted some
interest in the recent literature [13], ostensibly because such
fixed arrays of nanorods offer a possible means for obtaining
the surface enhanced Raman effect (SERS), which is useful in
certain types of chemical analysis [14, 15]. There are two
possible strategies to achieve this attachment: growing
nanorods directly onto the surface, or assembling pre-
existing gold nanorods onto the surface. 
To achieve the former outcome gold seeds have 
been attached to a surface functionalized with
aminopropyltrimethoxysilane (APTMS) before it was introduced
into a rod growth solution [16-18]. With this strategy, neither
aggregation of the seed particles nor Ostwald ripening can
occur due to the very limited of diffusion of Au in such
geometries. Once attached, the nanorods can be imaged and
even manipulated by AFM [19]. The disadvantage of this
strategy seems to be that only a low density of seeds (1-10
particles/m2) are obtained on the surface, which means that
the subsequent gold nanorods would not be dense enough to
shield the infrared effectively. 
Self-assembling of previously produced gold nanorods on
glass may currently be the more feasible option [20-23]. In
this respect the pH value was found to be one of the most
important factors controlling the self assembly process [23,
24]. Variation of pH not only triggered immobilization of gold
nanorods but also controlled their density [25] and
orientation on the surface [26]. Surface charge is also an
important factor. Gold nanorods normally possess a positive
charge, but a negative charge can be imparted to them 
by modification with a polyelectrolyte. The tuning of the
surface charge of gold nanorods provides more flexibility for
the application of gold nanorods in the immobilization
process [27]. 
In the present paper we describe the results of our
research to date on using coatings of gold nanorods on
windows for solar screening. 
Experimental techniques
Preparation of nanorod suspensions and coatings 
HCl, HNO3, hexadecyltrimethylammoniumbromide (CTAB), 
-amino propyl triethoxy silane (APTES), potassium
borohydride (KBH4), L-ascorbic acid and gold were sourced
from diverse suppliers. All chemicals were used as-received.
Generic soda-lime glass microscope slides were obtained
from Livingstone. All H2O used was purified by double-
distillation. HAuCl4 solution was prepared by dissolving pure
gold in aqua regia (HCl: HNO3 3:1 V/V). The surplus amount
of HNO3 was driven by evaporating solution with
concentrated HCl. The method may be found elsewhere [3].
It is accepted that some residual HCl content may still be
present in the solution.
The gold nanorods were prepared by a modification of the
seed-mediated growth method, as originally developed by
Nikoobakht [28] and the Murphy group [29]. The ‘seed’
solution was prepared by mixing 0.10 mL of 0.02 M KBH4 with
10.0 mL of an aqueous solution containing 0.5 mM HAuCl4
and 0.2 M CTAB. The mixture was vigorously stirred and was
used within next 30 minutes. The ‘growth’ solution was
prepared by adding 0.10 mL 0.10 M L-ascorbic acid to 10.0
mL aqueous solution containing 0.2 M CTAB, 0.5 mM HAuCl4,
and 0.1 mL of 10 mM AgNO3 with stirring. This solution
turned from brown-yellow to colourless immediately after
mixing. Next, 12 L of seed solution was added to the growth
solution to initiate reaction, which was conducted at room
temperature. The reaction can last 30 minutes to a few hours
before the colour of the colloid of gold nanorods becomes
stable. Large spherical particles could be removed by low
speed (2000 rpm) centrifuging.
Finally, 10 mL of colloid was centrifuged at 10,000 rpm for
25 minutes, and the supernatant carefully tipped off. The
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pellet was mixed with 10 mL of double-distilled water and the
washing procedure was repeated twice to remove surplus
CTAB. The final colloid contains 50 – 100 times the
concentration of gold nanorods in the original solution with
approximately 2 mM of CTAB left. The concentrated gold
nanorods colloid was stored in dark conditions, and used over
the course of the next several weeks.
Portions of glass slides (30x15mm2) were cleaned in 50°C of
piranha solution (Vol30% H2O2 : Vol98% H2SO4 = 1 : 5) for 
30 minutes◆. They were then well rinsed with distilled water
and methanol in sequence before use. Thereafter, the slides
were dipped into APTES solution (1:5, Volsilane / Volethanol) for 15
minutes. The coated glass slides were then rinsed with
methanol before they were cured in an oven at 110°C for 
20 minutes. The silanized glass slides were then dipped into 20
mL of gold nanorods colloid in order to allow the rods to
become attached to the silanized surface. (The concentrated
gold nanorod colloid was diluted with double-distilled water
(1:5) immediately before this step.) The density of the nanorod
coating on the glass could be controlled using deposition time,
with times of 24 hours giving a high density of coverage.
The coated glass slides were annealed in air at
temperatures ranging from ambient to 240°C. The
subsequent morphology of the gold nanorods, on carbon or
glass substrates, was characterized using a LEO scanning
electron microscope (SEM) with in-lens imaging at 2 to 30 kV.
The optical properties of the glass slides were determined
using a Cary 5E UV/VIS/IR spectrophotometer, which works in
the range of 170 nm to 4300 nm. A resolution of 0.5 nm was
used to obtain the visible-IR transmission spectrum of the
samples. A scanning rate of 5 nm/s and a spectral bandwidth
(SBW) of 2 nm was set during the experiment.
Simulation of optical properties
The optical properties of the gold nanorods were numerically
simulated using the FORTRAN code DDSCAT [30], which is
based on the discrete-dipole approximation method. The
advantage of DDSCAT is that any shape of nano-scaled target
can be simulated. It is an approximation method which
converts a continuum target into a finite array of polarizable
points, which acquire dipole moments in response to the
local electric fields [31]. Since, extinction is the result of both
absorption and scattering the overall absorption coefficient,
ext, can be expressed as 
ext = (Cabs + Caca) (1)
where  is the number of particles per unit volume, and Cabs
and Csca are the absorption and scattering cross-sections
respectively. 
If multiple scattering is negligible, the irradiance of a
beam of light is exponentially attenuated from Ii to It in
traversing a distance h through a particulate medium:
(2)
allowing the calculation of optical extinction for a particular
particle density [32]. We have used a prolate ellipsoidal
spheroid as a physical model to simulate the optical
properties of gold nanorods. Such a spheroid can be
expressed as [33]:
(3)
in which a, b are the longitudinal and transverse radii, and d
is the interdipole spacing. We define an aspect ratio ε = a/b.
The refractive index of the surrounding medium exerts an
influence on the calculated spectra but the simulations
described here were performed with a simplified medium of
refractive index of 1.33, which is the same as that of water.
The complex refraction indices of gold and water were
obtained from a handbook [34]. Dipole arrays of 25,000
points were applied in the calculations, which was more than
sufficient to satisfy the criteria of DDSCAT with respect to
numerical stability and accuracy. 
Results
Effect of aspect ratio and orientation
The effect that the aspect ratio of the rods have on their
optical properties has already been studied by other
researchers [7, 13]. In summary, the longitudinal plasmon
resonance of the rods can be moved from 520 nm (mid-
visible) to over 1200 nm (near-infrared) by increasing the
aspect ratio from 1 to 13 respectively [11]. The colour of the
rods changes accordingly (Figure 2).  Note however that the
aspect ratio of the nanorods is not the only reason for their
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Figure 2
The colour of suspensions of gold nanorods with increasing aspect
ratios, as produced by the authors. The colour starts off pink, sweeps
through blue and becomes pink again as the position of the
longitudinal plasmon resonance moves into the infrared 
◆ Note that piranha solution is very aggressive to skin and that care
should be taken when using it.
colour. The morphology, volume and packing configuration
of the nanorods also contributes to their optical properties,
even if their aspect ratios are constant [12, 35, 36]. However,
aspect ratio was taken as the only factor in this study to
simplify the problem. An illustration of this phenomenon is
provided in Figure 3, in which the calculated optical
extinction efficiencies of gold rods of various aspect ratios
but equal volumes is shown. The surrounding medium in this
case is water.
The optical extinction of gold nanorods is also influenced
by their orientation with respect to the light, or, more exactly,
their orientation with respect to the electric field vector e of
the light. When the rods are parallel to unpolarized incident
radiation, the e of the light must necessarily be directed
across the transverse directions of the rod. This will lead to
only the weaker transverse plasmon resonance at ~520 nm
being excited (Figure 4). However, the longitudinal and
transverse resonances will both be excited in the case when
the rods lie orthogonal to the incident light. The additional
excitation of the longitudinal plasmon in this case causes a
significant increase in optical extinction (Figure 4). 
Attachment of rods to glass
A sample of the nanorods as deposited onto a carbon stub is
shown in Figure 5(a). The particles are between 20 and 40
nm long with typical aspect ratios in the range 1.5 to 2. An
image of the nanorods immobilized on glass is shown in
Figure 5(b). It is puzzling that the particles in this case seem
to have a quite different morphology. In particular, they look
flatter and more spherical than those on the carbon stub.
The reason for this apparent change in morphology on being
attached to the glass is not yet known. In any event, the gold
nanorods in low density coatings were mostly isolated as
deposited, with their longitudinal axes being randomly
orientated in the plane of the glass surface.  
The optical absorption spectra of glass with a low density
coating of gold nanorods and that of the source nanorods in
colloidal suspension are given in Figure 6. The two spectra
are identical once appropriate adjustments have been made
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Figure 3
The main factor controlling the position of the longitudinal plasmon
resonance is the aspect ratio of the rods. Results shown were
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Figure 4
Surface plasmon of gold nanorod with polarized radiation. The terms
’parallel’ and ‘orthogonal’ refer to the orientation of the electric field
vector with respect to the long axis of the rod
Figure 5
Morphology of gold nanorods, (green scale bars in images 
indicate 200 nm) 
(b) as attached to glass substrate
(a) in colloid
to account for optical density. Apparently, in this case the
coating of gold nanorods inherits the optical properties of
the colloidal suspension. 
A typical transmission spectra of a coating with high
packing density is compared in Figure 7 to those of the
coating of low packing density, and to an example of a
coating comprised of gold nano-hemispheres (the latter was
produced in work that has been previously described
elsewhere [3, 4]). The three kinds of coatings display quite
different optical properties. The coating of low packing
density showed a similar transmittance in the near-infrared to
the coating of nano-hemispheres, but a far higher
transmittance in the visible region. The high density coating
of nanorods showed a transmittance of visible light that 
was quite close to that of the coating of nano-hemispheres,
while retaining a high shielding efficiency in near infrared
region. More importantly however, the absorption peaks 
of the coating of nanorods lies at longer wavelengths than
for the nano-hemispheres, which considerably improves 
the relatively indifferent performance [4] of gold 
nano-hemispheres in this application. This indicates that 
use of the nanorods would result in a higher efficiency in
solar screening applications.
Ageing/annealing of rods
The structural instability of gold nanorods is a possible
concern for some potential applications, with shape change
and aging of the rods having been reported under various
conditions [35, 37, 38]. It is clear that gold nanorods are
thermodynamically unstable structures, not only because
their surface-to-volume ratio can be readily reduced by
spheroidization, but also because their flanks are comprised
of the relatively unstable Au{110} and Au{100} crystal
planes [13]. There is evidence that gold nanorods can melt at
as low as 280°C [39], although other evidence puts the lower
limit on the melting point at about 500 or 600°C [40, 41].
We considered therefore that there was a possibility that the
rods might age during long service, even at ambient
temperatures, with an attendant change in optical
properties.  This tendency to spheroidize was assessed by
accelerated aging tests, in which the samples were annealed
at temperatures ranging up to 240°C. Both low density and
high density nanorod coatings are prepared for the aging
test. The aspect ratio of gold nanorods in these coatings was
1.5 ~2.0. For the low density coatings, only a sub-monolayer
of gold nanorods was deposited on the surface of the glass
substrate, while in the case of the high density coatings, the
stacked gold nanorods formed a cross-linked network.
In the case of the low density coatings, the absorption
peak at about 540 nm became quite significant with an
increased annealing temperature, while the broad peak at
around 750 nm both diminished and blue-shifted during the
annealing process (Figure 8). As mentioned previously, this
latter peak is caused by the longitudinal plasmon resonance
of the rods, while the former peak is due to both the




























Spectra of colloidal suspension of gold nanorods and of a low density
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Transmittance of lower density coatings of gold nanorods during
annealing
transverse resonance of the rods and to the resonance of
spheres. There was a concurrent evolution of the colour of
the coating from blue to reddish as the annealing
temperature was raised. In addition, absorption in the
infrared region dropped slightly. 
The optical transmission spectra of gold nanorod coatings
of high packing density are shown in Figure 9. Here too there
is a blue-shift in the main absorption peak as the particles are
annealed. However, there is little evidence of a peak at 540
nm at any stage in the process. Furthermore, in contrast to
the low density coatings, the overall transmittance of the
coating in the infrared region decreased after annealing
while that in the visible remained substantially unchanged.
Note however the considerably lower overall transmittance 
of the high density coatings in comparison to the low 
density ones.
Typical SEM images showing the morphology of both 
low- and high-density coatings of gold nanorods during the
accelerated aging process are given in Fig. 10. Annealing of
the low density coating causes the separate nanorods to
aggregate, grow in size, lose their rod shape, and change into
irregular hemispheres (Figure 10(a1) to (a4)). There appear to
be two stages during this process, at least when the aging
was conducted at 200°C. First the rods contracted to
spherical shapes, and only after this did the individual spheres
coalesce to form larger irregular hemispherical shapes. The
growth in size of individual particles in the high density
coatings was not as obvious (Figure 10(b1)-(b4)) as in the
low-density coatings. However, there is also evidently an
evolution of shape during the annealing process, with the
rods starting to coalesce into clusters of spheres or
hemispheres.  
An important issue is whether there are other processes
taking place in the rods during annealing besides just shape
change. In particular, the flanks of the rods are believed to be
sheathed in a bi-layer of the CTAB surfactant, and this is likely
to dissipate during aging or annealing. Thermogravimetric





















Influence of annealing on the transmittance of high density coatings of
gold nanorods
Figure 10
Evolution of the morphology of the coatings during accelerated aging.
(green bars in SEM images indicate 100 nm) 
(a1) – as deposit
(a2) – 160°C, 5h
(a3) – 200°C, 3h
(a4) – 240°C, 1.5h
(a) low density gold nanorods coating
analyses (TGA) of the purified gold nanorods (Figure 11)
indicate that they are normally sheathed with about 20
%w/w of CTAB. The TGA results of pure CTAB crystals showed
that they began to decompose and dissipate at 180°C with
the process completely finished at 250°C, and a comparison
between the two panels of Figure 11 indicates that this
behaviour was mirrored with respect to the CTAB sheathing
the gold nanorods. While present, the insulating CTAB layer
inhibits movement of free electrons between nanoparticles
and enhances the absorptive plasmonic response of the
coating. However, annealing destroys the insulating layer and
improves electrical conductivity in the network structure of
the coating. This enhances reflection of infrared radiation [1].
Overall, the process has similarities with the growth of island
metal films, which make a transition from absorptive to
reflective behaviour as their connectivity and density is
increased, even while remaining reasonably transparent in
the visible [5].
Theoretical calculations illustrate neatly how
spheroidization of the rods can shift the optical properties of
these coatings (Figure 12). The aspect ratio of gold nanorods
in this Figure are varied from 4 through to 1 (spheres) but
their volume is kept constant. It is evident that there is a
consequent blue shift and weakening of the extinction due











































































TGA result for CTAB and gold nanorods capped with CTAB, (a) pure
CTAB, (b) gold nanorods capped with CTAB 
Figure 10
Evolution of the morphology of the coatings during accelerated aging.
(green bars in SEM images indicate 100 nm) 
(b1) – as deposit
(b2) – 160°C, 5h
(b3) – 200°C, 3h
(b4) – 240°C, 1.5h
(b) high density gold nanorods coating
to the longitudinal plasmon resonance. However, the optical
extinction at about 540 nm (due to the transverse plasmon
resonance) is enhanced during the process. 
Particle-particle interactions
Although the aspect ratio and density of coverage of the
particles are important, if not dominant, factors in the
determination of the optical properties of these coatings,
there is a third factor that must be considered as well. This is
the dipole-dipole interaction between adjacent gold
nanoparticles that will cause a further absorption peak at
around 700 nm [3, 8]. This effect is proportional to (R/d )2L+1,
where R is particle radius, d is the interparticle distance, and
L is the multipole order (L=1 for dipole, L=2 for quadrupole,
etc.) in the case of gold nanospheres [42]. Both increasing
size and reducing spacing of particles will reinforce the
effect. The effect of dipole-dipole interactions on adjacent
spheres is illustrated in Figure 13. In Figure 13(a) we show the
red shifting and broadening of the optical extinction peak
that occurs when the size of a gold sphere is increased but
the distance between the sphere centres is held constant. In
Figure 13(b) we show the effect of fixing the sphere size but
varying the distance between their centres. There is a weaker
enhancement of the dipole-to-dipole interactions in this
case.
Of course, the quantity of gold on the glass surface is fixed
during the annealing process, so in practice the growth of
nano-hemispheres must be associated with an increase in the
particle-to-particle distance. In Figure 14 we show a
simulation of this situation. Although larger particle size
strengthens the absorption, the concurrent increase in
interparticle distances reduces the contribution of the
dipole-to-dipole interactions. While not shown here, it is also
worth noting that the proportion of the light that is scattered
rather than absorbed increases as the particle size increases.
Scattering is less desirable than absorption in window
coatings because it leads to a milky appearance. In general
therefore, coarsening of particles is undesirable in this
application. Overall, the optical properties of the coatings are
based on the interplay between particle size, aspect ratio
and spacing. 
Discussion: Designing an ideal coating
As deposited, the low density coatings of gold nanorods
inherited the optical properties of their parent colloids.
Therefore, for coatings of this type, in which the individual
nanoparticles behave as discrete entities, control of the
spectral selectivity is mostly determined by the aqueous
chemistry of the rod-growing solutions. Furthermore, we
have shown that these coatings should be relatively resistant
to thermally activated spheroidization under ambient
conditions with temperatures of over 100°C required before
changes occur. 
The suitability of a coating for solar screening can be
assessed by calculating the ratio of the proportion of visible



















Simulation of evolution of optical transmission of a low density coating
of gold nanorods during annealing
wavelength, nm  (b)
wavelength, nm  (a)
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Simulation of the optical properties of closely spaced pairs of gold
nanospheres. The notation used in the legend of this figure and the
following one is s_t_u where s and t are the particle radii and u the
distance between their centres. (a) Gap between particles kept
constant at 10 nm, and (b) radii of particles kept constant at 40 nm
and gap between them varied 
light transmitted (Tvis) to total radiation received (Tsol).
Theoretically, the maximum value of this ratio that can be
obtained is 2.08 under standardized conditions [4].  Existing
commercial solar screening products display values in the
range 0.9 to 1.9 [4]. The solar control glass panes offered by
Pilkington, for example, have values of Tvis/Tsol in the range
1.33 to 1.43. The as-deposited low density coating in the
present work displayed a ratio of 1.0, which decreased (as
expected) to 0.85 when the sample was annealed at 240°C.
The ratio Tvis/Tsol for the high density coating was in the range
0.9-1.0 and was not much altered by annealing. The overall
trend was that annealing decreased transmission of infrared
wavelengths in the high density coating but increased it for
the low density coating (Figure 15). Nevertheless these
experimental coatings are, as they stand, not obviously
commercially competitive yet.
The key to improving the spectral selectivity of these
coatings will be to blend nanorods of varying aspect ratios in
a controlled fashion. The simulated performance of an
example of such a mixture, which notionally contains a blend
of rods with aspect ratios spread between 3.0 and 10.0 and
an effective radius [30] of 20 nm, is given in Figure 16. The
assumption of well-separated gold nanorods was made in
this simulation, i.e. the extinction effects are linearly additive,
and dipole-to dipole interaction between the rods are
negligible. This is reasonable as we have recently shown
elsewhere [36] that the dipole-dipole interaction between
rods is attenuated or even absent when they have sufficiently
different aspect ratios. A coating containing this mixture
would have Tvis/Tsol of 1.44 if applied at a gold loading of 
0.26 g/m2 of window, would transmit 52% on incident solar
radiation falling on it (reduced to 45% once the absorption
and reflection of the underlying glass [4] is taken into
account), and would have a pale pink colour in transmission. 
There are four regions of interest, marked A to D, in 
Figure 16. The absorption peak at A is due to the plasmon
resonances at about 530 nm and cannot be avoided in
unpolarised light. The broad transmission peak at B would
cause a pink hue in the coatings, but would be reduced by
particle-to-particle interactions. (These have not been taken
into account here). The broad absorption trough marked C is
responsible for the spectral selectivity. If reliable large-scale
production of rods with aspect ratios greater than 10.0 could
be achieved, then the width of the trough could potentially
be extended into the infra red of region D. At a gold loading
of, for example, 0.26 g Au/m2 and a gold price of $450 per
troy ounce, this coating would contain US$3.76/m2 which is
competitive in cost with commercial products of similar
performance. Current state-of-the art commercial solar films
with retail for in excess of US$100/m2 while even plain
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Figure 14
Simulation of the optical extinction of a coating of gold nanorods
during the later annealing stages. Here particle size and gap both
change simultaneously. The particle radii grow from 10 to 40 nm, while
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Figure 15
Change of transmittance in infrared range during annealing,





















Simulated transmission spectra of hypothetical mixtures of gold
nanorods with aspect ratios spread between 3 and 10
window glass retails at about US$30/m2 upwards in many
countries. Therefore, it seems to us entirely feasible that a
gold-based coating could compete provided that it could be
cheaply manufactured and applied.
Conclusions
The unique optical properties of gold nanorods, which
exhibit tuneable absorption as a function of their aspect
ratio, suggest that they may have potential applications in
coatings for solar control on windows. Here we have explored
the properties of coatings produced by attaching gold
nanorods to the surface of glass. Such coatings can attenuate
solar radiation effectively, even at very low gold contents.
However, the figure-of-merit, Tvis/Tsol, of our experimental
coatings was close to unity, indicating that their attenuation
is not sufficiently spectrally selective. However, we show, in
theory anyway, how a blend of rods with aspect ratios
between 3.0 and 10.0 can produce a coating with Tvis/Tsol of
~1.4. If rods with aspect ratios greater than 10.0 could be
reliably produced in quantity, then the figure-of-merit of
these coatings could theoretically be improved further. 
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